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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
Progress in instrumentation in fatigue studies in the range 107 - 109 cycles revealed new paradigm: crack growth is not a main 
portion of life and initiation mechanisms are of primary importance with internal fatigue crack origin. Characteristic features of 
fatigue in this regime is strong evidence that Wohler-type S–N or Coffin–Manson diagrams can exhibit a second lower fatigue 
limit - multi-stage (duplex) fatigue life diagrams. An important finding in connection with these observations was that, in the 
transition from HCF to gigacycle regimes, the origins of fatigue failure changed from surface to interior ‘‘fish-eye’’ fracture. 
This experimental and theoretical study is focused on fatigue crack initiation and early slow crack growth as life-controlling 
factors of gigacycle fatigue. Nonlocal model of damage kinetics based on the description of collective behaviour of defects (slip 
bands, microshears, microcracks) allowed the interpretation of fatigue damage-failure transition as specific type of criticality in 
out-of-equilibrium system “solid with defects”.  
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1. Introduction 
HCF and VHCF are important fundamental and engineering problems for several areas o applications. High 
interest to VHCF is related during last decades to the opportunity to reach number of cycles 108-1010 for materials 
and constructions, for instance gas-turbine motors, due to the usage of fine-grain superalloys and advanced 
technologies providing VHCF limit. However, traditional methods of testing do not provide an estimate of fatigue 
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life in gigacycle loading conditions leading to the emergence of new techniques based on ultrasonic testing 
machines and studying the morphology of the fracture surfaces to understand the multiscale scenario of fatigue 
damage-failure transition. The effects of microstructure in pure titanium including submicrocrystalline (SMC) and 
Ti6Al4V alloy were studied in gigacycle fatigue regime and qualitative differences in the mechanisms of fatigue 
crack initiation in high-and gigacycle fatigue conditions were established. An important finding in connection with 
these observations was that, in the transition from HCF to gigacycle regimes, the origins of fatigue failure changed 
from surface to interior ‘‘fish-eye’’ fracture. This experimental and theoretical study is focused on fatigue crack 
initiation and early slow crack growth as life-controlling factors of gigacycle fatigue. Nonlocal model of damage 
kinetics based on the description of collective behaviour of defects (slip bands, microshears, microcracks) allowed 
the interpretation of fatigue damage-failure transition as specific type of criticality in out-of-equilibrium system 
“solid with defects” – the structural-scaling transition (Naimark (2004)). Damage kinetics law represents the 
generalized form of the Ginzburg-Landau equation for the defect density tensor (defect induced strain) and reflects 
statistically established types of metastability for free (stored) energy. Defect induced stored energy release kinetics 
leads to the generation of multiscale collective modes, which provide the mechanisms of blow-up dissipative 
structures of damage localization (that is considered as the image of the fish-eye) and fatigue structural relaxation 
(autosolitary slip-bands structures) transforming for some critical density of defects into the crack initiation. Early 
slow crack growth is provided by the interaction of the “fish-eye” area with surrounding autosolitary slip-bands 
structures. It was shown that the shifting of crack initiation from the surface area for HCF into the bulk of a sample 
in gigacycle regime is caused by non-locality effect for damage localization when the final stage (“fish-eye” origin) 
corresponds to the “excitation” of blow-up self-similar damage kinetics over characteristic scale. Similar scenario 
was established for creep damage accumulation due to the decrease of tensile stress and “in-situ” small-angle X-ray 
diffraction study of spatial-temporal kinetics of defects in the bulk of metallic sample supported this theoretical 
analysis (Naimark (2014)). Nonlocal model of damage kinetics revealed the unique role of the surface playing 
different part for HCF as the source of defects and the defect absorber for gigacycle fatigue. 
Experimental study of characteristic stages of damage accumulation was realized using ultrasonic fatigue testing 
machine (Shimadzu USF2000) and scaling analysis of fracture surface roughness that revealed different scaling 
invariants for the fish-eye and surrounding slip-bands areas (Bathias (2005), Oborin (2010)).  
 
 
Nomenclature 
a  crack size  
N   number of cycles 
A, m empiric constants  
K  stress intensity factor increment 
  stress 
D  diameter of the sample 
thK  threshold value of stress intensity factor 
x coordinate  rС  correlation function )(xz  relief height  
H the Hurst exponent 
2. Material and structural study 
Specimens of titanium alloy Ti6Al4V with conventional grain structure and pure titanium with different 
microstructure were studied in high- and gigacycle fatigue regime using the ultrasonic testing machine: original 
polycrystalline state (Grade-4) with grain size of 25 μm and SMC states (SMC-1 state with the grain size 100-150 
nm and SMC-2 state with the grain size of 200 nm) obtained by the Equal Channel Angular Presing (ECAP) at 
different conditions. SMC-1 state with the grain size 100-150 nm and SMC-2 state with the grain size of 200 nm 
were produced consequently by the annealing at T = 450 °C, 8 passes of ECAP , drawing from 14 to 9 mm at T = 
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200 °C and annealing at T = 450 °C, 4 passes of ECAP, the warm rolling from 12 to 8 mm at T = 350 °C. 
According to transmission electron microscopy the microstructure of SMC-1 material is more homogeneous, 
grains have equiaxial shape in transverse and longitudinal direction. The samples in SMC-2 state have more 
elongated grains with dislocation substructures developed by rolling after ECAP.  
 
 
a) 
 
b) 
 
c) 
Fig. 1. Structure of Ti Grade-4: a) optical microscopy image of initial state (grain size ~25 µm); b) TEM-image of SMC-1 state (grain size 
~150-200 nm); c) TEM-image of SMC-2 (grain size ~200 nm) 
2. Fatigue experiments 
Fatigue tests were carried out on the ultrasonic machine Shimadzu USF-2000, which imposes special loading 
due to the resonance conditions and formation of a standing wave in the central cross-section of the sample. In 
this case peaks of displacement are located at the ends of the sample and maximum amplitude of stress is located 
in the center of sample. The result of fatigue tests are shown in the Fig. 3. Fatigue failure of Ti6Al4V after 109 
cycles occurred at stress amplitude 495 MPa. Failure of pure titanium samples after 109 loading cycles occurred 
after 109 loading cycles at 275 MPa stress amplitudes for the initial state and 375 MPa and 340 MPa for the 
states SMC-1 and SMC-2, respectively. Fatigue life of titanium alloy Ti6Al4V in gigacycle regime corresponds 
to the data by Bathias (2005). The dependence of material microstructure on fatigue strength during gigacycle 
fatigue agrees with data observed in (Bathias(1999)). The SMC-1 titanium with equilibrium grain boundaries 
exhibits more high fatigue properties compared to the SMC-2 state with non-equilibrium grain boundaries and 
the titanium with conventonal polycrystalline state (grain size of about 25 μm). 
 
Fig.2. Fatigue life diagrams: σ is mean stress, Nf is number of cycles to failure.1 – Ti6Al4V Bathias [6]; 2 – Ti6Al4V; 3 – Ti Grade-4 initial 
state; 4 – Ti Grade-4 SMC-1 state; 5 – Ti Grade-4 SMC-2 state. 
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3. Mechanisms and scaling analysis of fracture surfaces 
Mechanisms of initiation and propagation of fatigue cracks were investigated by means of qualitative and 
quantitative study of the morphology of fracture surfaces. The results of observation (Mughrabi (2006)) show that 
during cycle loading several fine subgrains having different crystal orientations are formed into a thin layer 
(thickness is 400 nm) around non-metallic inclusion. The mechanism of crack initiation under very high cyclic 
loading was linked to the formation of a fine granular layer caused by the intensive polygonization around the 
interior inclusion. The number of damage centers in this layer gradually increases and some of them coalesce. When 
damage spreads over the entire fine granular layer the crack is finally formed around the interior inclusion. When 
the crack has reached some critical size, it propagates according to the Paris law kinetics:  
 mKA
dN
da  ,           (1) 
 
where dNda  is the fatigue crack growth rate, A and m are empiric constants depending on the material, K  is the 
stress intensity factor increment. Qualitative scenario of fracture can linked to optical and electron microscopy sudy 
of fracture surface, that revealed specific fracture pattern characteristic for gigacycle fatigue regime, the damage 
localization area as the so-called "fish-eye" zone (Bathias (2005), Mughrabi (2006)). Optical microscopy allows one 
to separate zones with different reflectivity: dark Zone 1 with a radius of 150 µm from the crack origin are and light 
smooth Zone 2, which is then replaced by the rough surface area (Fig.3).  
 
 а  b 
Fig. 3. Optical microscope images of fracture surface of Ti: a) crack initiation in the bulk of sample b) crack initiation at the fracture surface 
In term of conventional approaches of HCF the criteria for the crack advance can be introduced to determine the 
stress intensity factor related to the size a  of the crack origin area 1. 
 
)]2/([/2 aDFaK  ,         (2) 
 
where F is normalization function, D is diameter of the sample (Wang (2002)). Radius ma 150  corresponds to 
the threshold value of the stress intensity factor thK  at which the crack begins to grow. In the area between borders 
of 1 and 2, the crack grows steadily according to the Paris law (1). Area between borders 2 and 3 corresponds to 
catastrophically fast grow of crack. The total size of three areas (around 1400 µm) can be considered as fracture 
toughness material scales. 
The surface roughness was analysed by interferometer-profiler New View 5010 to establish quantitative 
characteristics of the fracture surface in terms of scaling invariants. Similar distinct zones with different roughness 
were observed (Fig. 2): Zone 1 with the size ~ 100-300 μm (depending on testing material), which corresponds to 
the area of defect initiation and accumulation during cyclic loading; Zone 2 that is smoother than Zone 1 and 
corresponds to the crack propagation stage according to the Paris law (1). These results support mentioned fatigue 
failure mechanism described by Mughrabi (2006).  
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To investigate the scale-invariant properties of the fracture surface, one-dimensional profiles corresponding to the 
cross-section of 2D roughness profiles were analyzed using the interferometer New View data (Fig.4).  
 
  
Fig.4. 2D collared fracture surface of cylindrical samples (Ti6Al4V) measured by interferometer New View 5010.  Zones I and II are the areas of 
crack initiation and propagation, respectively. Solid lines are cross-sections of surface roughness used for the estimation of scale invariance (the 
Hurst exponent) 
 
The scale invariance (the Hurst exponent H ) was defined from the slope of linear portion of the 
correlation function  rС  in log-log coordinates (Bouchaud (1997)): 
  ,))()(( 2/12 H
x
rxzrxzrС           (3) 
where )(xz is the relief height, depending on the coordinate x ; angular brackets denote averaging over x .The 
influence of the window size (image resolution) on the value of the Hurst exponent was investigated by analysing 
the fracture surface with different resolution from 2.5 μm and 0.1 μm per pixel respectively. Starting from the 
resolution 0.3 μm by 1 pixel and larger, the value of the Hurst exponent remains practically constant.  
The correlation function (3) calculated from the profiles for both zones has two linear portions with a break on the 
scale, which corresponds to change in the fracture mechanisms. Whereas functions (2) calculated separately for 
Zones 1 and 2 reveal only one linear portion for each zone (Fig. 5). The gigacycle fatigue cracks for titanium Grade 
4 were originated near the surface (70-150 μm) and the crack hotspot generally could not be detected by the optical 
image. The roughness pattern analyzed in terms of roughness invariance allows one to differentiate the zones of 
crack origination (size ~ 100 μm) and the crack propagation zone. 
 
 Fig.5. Log-log correlation function plots for Zone 1(a) and Zone 2 (b) 
4. Non-local kinetics of damage localization  
Non-local damage kinetics was proposed by Naimark (2004) and based on the field model of collective 
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behaviour of defects (slip bands, microshears, microcracks) and representation of defect induced stored energy 
release in term of damage parameter (defect induced strain). It was shown that damage-failure transition stages can 
be linked due metastability of stored energy to specific type of criticality in out-of-equilibrium system “solid with 
defects”, the structural-scaling transition. Defect induced stored energy release kinetics in the presence of non-
locality for damage parameter leads to the generation of multiscale collective modes providing the qualitative 
different mechanisms of structural relaxation: slip bands with autosoltary wave dynamics and blow-up dissipative 
structures related to the final stage of damage localization and crack initiation. Scenario of structural-scaling 
transition includes the consequent transition between mentioned types of collective modes that allows the links of 
characteristic stages of damage-failure transition: fatigue crack initiation and propagation. This “phase field model” 
provides the interpretation of mechanisms of the “fish-eye” origin as the blow-up damage kinetics over 
characteristic spatial scale. The self-similar nature of this solution reflects the coherent behaviour of multiscale 
damage and explains of scale invariance roughness (the Hurst exponent) over the fish-eye area (Zone 1). The 
replacement of fatigue crack initiation from the near-surface area for HCF regime into the bulk of sample for GCF 
regimes has the similarity with the failure scenario in the creep conditions (constant stress), when the stress decrease 
leads to the replacement of crack initiation area into the bulk of sample. The subjection of final stage of damage 
localization to the blow-up multiscale kinetics of defect growth gives the explanation of the fish-eye origin that can 
be not generally linked to the interior inclusions. Mechanism of structural relaxation that is caused by autosolitary 
wave dynamics of slip band formation allowed the explanation of the power universality of the Paris law for the 
fatigue crack kinetics for both HCF and GCF regimes. The difference of scale invariance roughness for Zone 1 and 
Zone 2 reflects the leading role of auto-solitary wave self-similar solutions providing the power universality of 
fatigue crack advance.  
5. Conclusion 
Phase field approach that is based on the statistically predicted representation of the stored energy release 
allowed the link of characteristic types of metastability for stored energy, self-similar solutions of damage kinetic 
equation (in term of damage parameter associated with defect induced strain) and mechanisms of fatigue crack 
initiation and propagation that are characteristic for GCF failure: the fish-eye area of crack origin in the bulk of 
sample and the power law of fatigue crack advance. Characteristic pattern of fracture surface morphology (Zone 1 
and Zone 2) was explained according to specific types of collective modes of defects (auto-solitary wave and blow-
up self-similar solutions for damage parameter) and corresponding mechanisms of defect induced structural 
relaxation. The scale invariance property of fracture surface roughness that are characteristic for the areas of fatigue 
crack initiation (the fish-eye area) and propagation supports multiscale coherent defect dynamics represented by 
mentioned self-similar solution.  
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